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movements in psychological experiments. Movement trajectories and other measures from 23 continuous responses have expanded the insights gained from discrete responses (e.g. button 24 presses) by providing unique insights in how cognitive processes unfold over time. However, few 25 studies have evaluated the validity of joystick responses with reference to conventional key 26 presses, and response modality can affect cognitive processes. Here, we systematically compared 27 human participants' behavioural performance of perceptual decision-making when they responded 28 with either joystick movements or key presses in a four-alternative motion discrimination task. We 29 found evidence that the response modality did not affect raw behavioural measures including 30 decision accuracy and mean reaction time (RT) at the group level. Furthermore, to compare the 31 underlying decision processes between the two response modalities, we fitted a drift-diffusion 32 model of decision-making to individual participant's behavioural data. Bayesian analyses of the 33 model parameters showed no evidence that switching from key presses to continuous joystick 34 movements modulated the decision-making process. These results supported continuous joystick 35 actions as a valid apparatus for continuous movements, although we highlight the need for caution 36 when conducting experiments with continuous movement responses. 37
Introduction 42
Discrete key presses on a keyboard or button box have been the long-standing response modality 43 in computer-based experiments in psychology, from which on/off responses and response time 44 (RT) are commonly measured. Developments in computer and technology have improved the 45 accessibility of other devices that are capable of recording continuous responses, e.g., joystick, 46 computer mouse, motion sensor and robotic arm (Koop & Johnson, 2011 ; O'Hora, Dale, Piiroinen, 47 & Connolly, 2013) . In addition to the standard behavioural measures available from key presses, 48 continuous responses enable further inferences from movement trajectories. However, to utilize 49 the full capacity of continuous response recording, we need to ensure that experimental results 50 from these devices are consistent with, or generalizable to, the findings from conventional response 51 modalities such as key presses. The current study addressed this issue by comparing the 52 behavioural performance between joystick movements and key presses in a perceptual decision-53 making task. Using computational modelling of behavioural data, we further compared the 54 decision-making processes from the two response modalities. 55 56 Continuous and discrete responses in experimental psychology 57 Continuous responses can offer theoretical and practical advantages in experiments. First, although 58 a discrete response is consistent with the assumption of sequential stages of cognition and motor 59 outputs, a growing number of studies suggest a continuous and parallel flow of information 60 between brain systems involved in sensory, cognitive and motor processes (Cisek & Kalaska, 61 2005; Spivey, Grosjean, & Knoblich, 2005) . Continuous responses can capture the dynamics of 62 these multiple mental processes, as well as the transitions between them (Resulaj, Kiani, Wolpert, 63 4 & Shadlen, 2009 ). Second, in experiments involving clinical populations, it can be difficult for 64 patients to make discrete responses accurately on a keyboard, especially in patients with dementia 65 or parkinsonism. Patients with motor function impairments (e.g., tremor, apraxia or loss of 66 dexterity) often omit button presses, press the button too early or too late, press wrong buttons 67 accidentally or are confused with response-button mapping. This limitation may result in a 68 significant amount of experiment data being rejected in some studies (Wessel, Verleger, 69 Nazarenus, Vieregge, & Kömpf, 1994), while continues response with natural movements can be 70 well tolerated in patients (Limousin et al., 1997; Strafella, Dagher, & Sadikot, 2003 ) 71
The trajectories of continuous movements contain rich spatiotemporal information of the action, 72 and provide unique insights into how cognitive processes unfold in time (Freeman, Dale, & 73 Farmer, 2011; Song & Nakayama, 2009). For example, in continuous reaching, movement 74 trajectories showed that human participants can initiate a reaching action prior to when the target 75 becomes fully available, and select from competing action plans at a later stage (e.g. Chapman et 76 al., 2010; Gallivan & Chapman, 2014) . In perceptual decision-making, movement trajectories from 77 joysticks and other similar devices have been successfully used to investigate the cognitive 78 processes underlying changes of mind (Resulaj et al., 2009 ), error correction (Acerbi, 79 Vijayakumar, & Wolpert, 2017) and subjective confidence (Berg et al., 2016) that are otherwise 80 difficult to study with key presses. 81
82

A comparison between response modalities 83
To extend experimental findings to other apparatuses, it is necessary to assess the consistency of 84 performance between response modalities. More importantly, characterising the consistency 85 5 between response modalities may help us understand the interdependence of cognitive processes 86 and motor systems. For example, in decision-making tasks, comparisons between saccadic eye 87 movements and manual responses has suggested a domain general decision mechanism regardless 88 of response modality (Gomez, Ratcliff, & Childers, 2015; Ho, Brown, & Serences, 2009) , and the 89 apparent difference in response speed is accounted for by the neuroanatomical distinctions in 90 saccadic and manual networks (Bompas, Hedge, & Sumner, 2017) . 91
The current study aimed to examine the validity and consistency of continuous joystick responses 92 versus discrete button presses in perceptual decision-making. Participants performed a four-93 alternative motion discrimination task (Churchland, Kiani, & Shadlen, 2008) with two levels of 94 perceptual difficulty. The task was to indicate the coherent motion direction from random dot 95 kinematogram, a standard psychophysical stimulus for visual perceptual decision (Fredericksen, 96 Verstraten, & Van De Grind, 1994; Lappin & Bell, 1976; Pilly & Seitz, 2009; Ramachandran & 97 Anstis, 1983; Watamaniuk, Sekuler, & Williams, 1989). In two counterbalanced sessions, the 98 participants indicated their decisions with either joystick movements or key presses. The joystick 99 response was to move the lever from its neutral position towards one of the four cardinal directions, 100 aligned to the coherent motion direction, and the corresponding key press was one of the four 101 arrow keys on the keyboard. We compared raw behavioural performance (decision accuracy and 102 mean RT) between the two response modalities and between the two levels of task difficulty. From 103 continuous movement trajectories, we also examined whether joystick-specific measures (i.e., 104 trajectory length, peak velocity and acceleration time) were consistent between movement 105
directions. 106
To assess whether the response modality affected the decision-making process, we fitted a drift- decision threshold for the amount of evidence needed prior to a decision, drift rate for the speed of 119 evidence accumulation, and non-decision time to account for the latencies of stimulus encoding 120 and action initiation (Ratcliff & McKoon, 2008; Wagenmakers, 2009 ). The latter parameter is of 121 interest in particular, because one may expect a difference in the latency distribution of action 122 initiation between joystick movements and key presses. 123
Our findings demonstrated that when human participants used ballistic movements to respond with 124 a joystick, their behavioural performance was modulated by task difficulty and similar to that from 125 key presses on the same perceptual task. Further computational modelling analysis showed no 126 evidence of a change in any model parameter when switching between response modalities. As 127 such, we concluded that joystick movement is a valid response modality for extending discrete 128 actions to continuous behaviour in psychological experiments, although participants may exhibit 129 differences in movement trajectory measures towards different directions. of each of the four motion directions and two difficulty conditions. The motion coherence was 170 10% in the "Difficult" condition and 20% in the "Easy" condition. Feedback on the mean decision 9 accuracy was provided after each block. The order of the conditions was pseudo-randomized 172 across sessions and participants, ensuring that the same direction and difficulty condition did not 173 occur in four consecutive trials. In the keyboard session, the participants responded with four arrow 174 keys corresponding to the coherent motion direction (right -0°, up -90°, left -180° and down -175 270°). In the joystick session, the participants were instructed to indicate the motion direction with 176 an appropriate joystick movement from the joystick's central position to one of the four edges 177 (right -0°, up -90°, left -180° and down -270°). 178
Every trial started with a 400 ms fixation period ( Figure 1a ). The random dot kinematogram 179 appeared after the fixation period for a maximum of 3000 ms or until response. In the keyboard 180 session, stimuli disappeared after a button press. In joystick condition, stimuli disappeared when 181 the participants stopped joystick movement. The chosen stopping rule was when the joystick 182 position did not change in the last four sampling points, and its position was outside of the 20% 183 motion radius. After response, a blank screen was presented as the intertrial interval, with a 184 duration uniformly randomized between 1000 and 1400 ms. 185
The response time (RT) in the keyboard session was defined as the latency between the onset of 186 random-dot kinematogram and the time of key press. In the joystick session, the RT was defined 187 as the duration between the onset of the random-dot kinematogram and the first time when the 188 joystick's position left the 20% movement radius from its neutral position. It coincided with first 189 noticeable increase in velocity from stationary position. Participants' choice in the joystick session 190 was measured as the last position of the joystick was binned to the closest cardinal directions (i.e., 191 0°, 90°, 180° and 270°). We applied a few constraints to the model parameters based on our task design. First, we allowed 218 all the model parameters (a, v, Ter, sv, and st) to vary between the two response modalities. Second, 219 the mean drift rate v was further allowed to vary between task difficulties (easy, difficult) and 220 correct directions (up, down, left and right). Third, the starting point z was fixed at 0.5, suggesting 221 that there was no bias towards the two decision boundaries and the equal amount of evidence was 222 required for a correct and incorrect decision. This was because the participants did not have a 223 priori knowledge about the correct alternative at the beginning of each trial. 224
We generated 15,000 samples from the joint posterior distribution of all model parameters by using 225 MCMC sampling (Gamerman & Lopes, 2006) . The initial 7,000 samples were discarded as burn-226 in for stable posterior estimates. Geweke diagnostic (Cowles & Carlin, 1996) [1/10, 1/3]) suggests moderate or compelling evidence for the alternative (or null) hypothesis. A 239 BF10 larger than 10 (or smaller than 1/10), suggests strong evidence for the alternative (or null) 240
hypothesis. 241
Second, to quantify the difference of RT distributions between response modalities, we used the 242 Kolmogorov-Smirnov test (Pratt & Gibbons, 1981) , a non-parametric statistical measure of 243 difference between two one-dimensional empirical distributions. 244
Third, to compare a fitted DDM parameter between two conditions (e.g., between response 245 modalities or between task difficulties), we used Bayesian hypothesis testing (Bayarri & Berger, 246 2004; Gelman et al., 2014; Kruschke, 2015; Lindley, 1965) to make inferences from the posterior 247 parameter distributions, under the null hypothesis that the parameter value is equal between the 248 two conditions. 249
More specifically, we first calculated the distribution of the parameter difference from the two 250 MCMC chains of the two conditions, and we obtained the 95% highest density interval (HDI) of 251 that difference distribution between the two conditions. We then set a region of practical 252 equivalence (ROPE) around the null value (i.e., 0 for the null hypothesis), which encloses the 253 values of the posterior difference that are deemed to be negligible from the null value 0 (Kruschke, 254 2013 ). In each Bayesian inference, the ROPE was set empirically from the two MCMC chains of 255 the two conditions under comparison. For each of the two conditions, we calculated the 95% HDI 256 of the difference distribution between odd and even samples from that condition's MCMC chain. 257
This 95% HDI from a single MCMC chain can be considered as negligible values around the null, 258 because posterior samples from different portions of the same chain are representative values of 259 the same parameter. That is, we accepted that the null hypothesis is true when comparing the 260 13 difference between odd and even samples from the same MCMC chain. The ROPE was then set 261 to the widest boundaries of the two 95% HDIs of the two conditions. 262
From the 95% HDI of the difference distribution and the ROPE, a Bayesian P-value was 263 calculated. To avoid confusion, we used p to refer to classical frequentist p-values, and Pp|D to refer 264 to Bayesian P-values based on posterior parameter distributions. If ROPE is completely contained 265 within 95% HDI, Pp|D = 1 and we accept the null hypothesis (i.e., the parameter values are equal 266 between the two conditions). If ROPE is completely outside 95% HDI, Pp|D = 0 and we reject the 267 null hypothesis (i.e., the parameter values differ between the two conditions). If ROPE and 95% 268 HDI partially overlap, Pp|D equals to the proportion of the 95% HDI that falls within the ROPE, 269 which indicates the probability that the parameter value is practically equivalent between the two 270 conditions (Kruschke & Liddell, 2018) . 271
272
Results
273
Behavioural results
274
The behavioural performance of the four-alternative motion discrimination task was quantified by 275 accuracy (proportion of correct responses, Figure 2A ) and mean reaction time (RT, Figure 2B ). 276
We compared the behavioural performance between response modalities (joystick or keyboard), Furthermore, there was a significant interaction on accuracy between task difficulty and motion 291 direction (F(2.586, 51.718) = 6.317, p = 0.002), although this was again not supported by Bayesian 292 analysis (BF10 = 0.299). There was evidence against all the other interactions on accuracy (BF10 < 293 0.179; p > 0.228) and mean RT (BF10 < 0.199; p > 0.083). 294
The results above suggested no systematic bias at the group level when comparing responses from 295 a joystick and a keyboard. However, the consistency of behavioural performance between response 296 modalities could vary between participants. For experiments with multiple response modalities, 297 the researcher may want to confirm whether the consistency between response modalities is 298 maintained across experimental conditions. This would allow, for example, a pre-screening 299 procedure to identify participants with high response consistency to be recruited for further 300 experiments. Here, we used Kolmogorov-Smirnov (K-S) statistics to quantify the difference of 301 individual participant's RT distributions between the joystick and keyboard sessions in each 302 difficulty condition, separately for correct and incorrect trials. There was strong evidence of a 303 positive correlation between the K-S statistics of the easy and difficult conditions (correct trials: 304 BF10 = 3.647 × 10 6 , R= 0.92, p < 0.001; incorrect trials: BF10 = 4526.00, R = 0.82, p < 0.001) 305 15 ( Figure 2C) . Therefore, the difference in behavioural performance between response modalities 306 was consistent within participants across difficulty levels. 307
308
Hierarchical drift-diffusion model analyses 309 To compare the underlying decision-making process between joystick and keyboard responses, we 310 simplified the four-alternative motion discrimination task to a binary decision task (Churchland et There was a good agreement between the observed data and the model simulations across response 318 modalities, task difficulties and motion direction (Figure 3) . 319
With no a priori knowledge on the effect of response modality on the decision-making process, 320 we allowed all model parameters to vary between joystick and keyboard responses: the boundary 321 separation a, the mean drift rate v, the mean non-decision time Ter, the trial-by-trial variability of 322 drift rate sv, and the trial-by-trial variability of non-decision time st (Table 1 ). The mean drift rate 323 was further allowed to vary between task difficulties and motion directions. We performed 324
Bayesian hypothesis testing on the posterior parameter estimates between response modalities 325 (Bayarri & Berger, 2004; Gelman et al., 2014; Kruschke, 2015; Lindley, 1965 ). This analysis 326 16 yielded 95% HDI of the parameter difference between the joystick and keyboard sessions, as well 327 as Bayesian P-values PP|D (see "Data analysis" section for details). 328 For all the model parameters, we could not reject the null hypothesis that the posterior parameter 329 estimates are practically equal between the joystick and keyboard sessions. The PP|D, which 330 quantifies the probability that the model parameter is practically equal between the two conditions, 331 ranged from 0.641 to 0.964 (Table 1) . Therefore, there was no evidence to support that switching 332 from keyboard to joystick altered the decision-making process. Next, because the mean drift rate 333 is often assumed to increase with decreased task difficulty (Ratcliff & McKoon, 2008) , we 334 compared the drift rate averaged from the joystick and keyboard sessions between easy and 335 difficult conditions. As expected, the drift rate was larger in the easy compared with the difficult 336 In the joystick session, the participants' movement trajectories were close to the four cardinal 342 directions ( Figure 4A ). Continuous movements with the joystick enabled to acquire additional 343 trial-by-trial behavioural measures beyond that possible from simple key presses. We examined 344 three such measures: peak velocity ( Figure 4B ), acceleration time ( Figure 4C ) and trajectory length 345 ( Figure 4D ). These additional joystick measures were subsequent to accuracy and RT. In the 346 current study, we did not expect them to have critical influence on the two primary behavioural 347 measures. Hence our analyses were focused on the effects of movement direction and task 348 difficulty on the trajectory measures. However, we acknowledged that, in experiments with more 349 complex movement trajectories, decisions may be more directly coupled to continuous motor 350 responses (Song & Nakayama, 2009) . 351
We calculated the action velocity as the rate of changes of joystick position. There was a single 352 peak of action velocity in each trial, consistent with the ballistic nature of the movement. There 353 was strong evidence for the main effect of response direction on the peak velocity ( Figure 5B We calculated the acceleration time as the latency between the RT and the time of peak velocity 358 ( Figure 5C ). There was strong evidence for the main effect of response direction (BF10 = 1147.376, 359 F(2.253, 45.05) = 4.741, p = 0.011). We found moderate evidence against difficulty level (BF10 = 360 0.172, F(1,20) =0.178, p = 0.677). Frequentist ANOVA showed a significant interaction between 361 the response direction and difficulty levels (F(2.853, 57.053) = 4.470, p = 0.008), which was not 362 supported by the Bayes factor (BF10 = 0.256). 363
We calculated the trajectory length as the sum of the Euclidean distance between adjacent joystick 364 positions in each trial ( Figure 5D ). There was no compelling evidence for the main effect of 365 response direction on trajectory length (BF10 =1.759; F(3, 60) = 1.944, p = 0.151), nor the main 366 effect of task difficulty (BF10 = 0.450, F(1, 20) = 3.171, p = 0.09). The evidence against the 367 interaction between direction and difficulty was strong (BF10 = 0.090, F(3, 60) = 0.978, p = 0.409). 368
In summary, the peak action velocity of joystick movements was affected by both action direction 369 and task difficulty, and acceleration time was affected only by trajectory direction. There was no 370 18 compelling evidence to support that trajectory length was affected by action direction or task 371 difficulty. 372 373
Discussion
374
The current study systematically compared the consistency between continuous and discrete 375 responses during rapid decision-making. In a four-alternative motion discrimination task, joystick 376 movements and key presses led to similar accuracy and mean RT. Further modelling analysis with 377 hierarchical DDM showed no evidence in supporting a change of any model parameters between 378 response modalities. Together, our findings provide evidence for the validity of using continuous 379 joystick movement as a reliable response modality in behavioural experiments. 380 381 Behavioural measures 382 In both joystick and keyboard sessions, participants had lower accuracy and longer mean RT in 383 the more difficult condition (i.e., lower motion coherence), in line with previous findings with 384 similar tasks (Britten et al., 1992; Pilly & Seitz, 2009; Ramachandran & Anstis, 1983; Roitman & 385 Shadlen, 2002) . Using Bayesian statistics, we found evidence that response modality (joystick 386 motion or key press) did not affect either accuracy or mean RT, confirming the validity of using 387 joystick as a response device in decision-making tasks. Importantly, across participants, the 388 difference in the RT distributions between response modalities was positively correlated between 389 easy and difficult conditions. Therefore, participants with similar behavioural performance 390 between response modalities maintained their consistency between experimental conditions. 391
19
Joystick positions estimated at a high sampling rate enabled additional behavioural measures 392 beyond on/off key presses. In the current study, most of the movement trajectories were along the 393 four cardinal directions ( Figure 5A ). The averaged trajectory length was close to 1 ( Figure 5D ), 394 which was the shortest distance from the joystick's neutral position to the maximum range, 395 suggesting that the participants were able to make accurate and ballistic movements following the 396 task instruction. Nevertheless, it is worth noting that the movement direction affected the peak 397 velocity and acceleration time. This may be due to the difference in upper limb muscle contractions 398 when moving the joystick towards different directions (Oliver, Northey, Murphy, MacLean, & 399 Sexsmith, 2011). Therefore, for future behavioural experiments relying on sensitive trajectories 400 measures, we suggest extra cautious on the effects of ergonomics and human motor physiology, 401 especially for rapid movements as in the current study. One potential solution would be to acquire 402 baseline recordings of the movement to be expected during the experiment, which can then be used 403 to compensate measurement biases. 404
405
Model-based measures 406 The DDM and other sequential sampling models are commonly used to investigate the cognitive 407 processes underlying rapid decision-making (Bogacz et al., 2006; . In the 408 current study, the mean drift rate increased in the easier task condition, consistent with previous 409 modelling results (Ratcliff & McKoon, 2008) . The combination of posterior parameter estimation 410 and Bayesian inference allowed us to obtain the probability of the parameter being practically 411 equal, a more informative measure than frequentist p-values (Kruschke, 2015) . Although our 412 results suggested that most parameter values had high probabilities to remain the same between 413 20 response modalities (Table 1) , we could not accept the null hypothesis for certain (which requires 414 PP|D = 1) and need more data to confirm the inference. 415
We highlighted two model parameters with low PP|D values, which indicate that, with additional 416 observed data from future experiments, the posterior model parameters might be in favour of the 417 alternative hypothesis (i.e., a difference between response modalities). First, when switching from 418 key presses to joystick movements, there was a small increase in the mean non-decision time (PP|D 419 = 0.658). Second, responding with a joystick resulted in a slightly decreased decision threshold 420 (PP|D = 0.872). Several previous studies showed that instructing to respond faster or more 421 accurately could efficiently modulate participants' behaviour (Beersma et al., 2003; Schouten & 422 Bekker, 1967; Wickelgren, 1977 study offered a comprehensive comparison between key presses and joystick movements, but the 442 measures from other devices are yet to be validated. We also offered a practical solution to measure 443 RT from joystick movement comparable to that from key presses, taking in to account the small 444 resistive forces near the joystick's neural position. To facilitate future research, we have made our 445 data and analysis scripts openly available (https://osf.io/6fpq4). 446
Second, we instructed participants to make directional movements in the joystick session, which 447 Third, the DDM required the behavioural data to be presented as binary choices (Ratcliff & 453 McKoon, 2008) . To meet this constraint, we simplified our four-choice task data into correct and 454 incorrect decisions, and incorrect responses contained errors towards three different directions 455 from the correct motion direction. Although our modelling results provided a good fit to the 456 22 observed data, it would be useful to extend the analysis using other models that are designed for 457 decision problems with multiple alternatives (Brown & Heathcote, 2008; Usher & McClelland, 458 2001; Wong & Wang, 2006) , although a hierarchical Bayesian implementation of those more 459 complex models is beyond the scope of the current study. 460
In conclusion, our results validated the joystick as a reliable device for continuous responses during 461 rapid decision-making. Compared with key presses, the additional complexity and continuity 462 associated with joystick movements did not affect raw behavioural measures such as accuracy and 463 mean RT, as well as underlying decision-making processes. However, we highlighted the effects 464 of movement direction on continuous trajectory measures. Researchers should be cautious when 465 adopting experimental designs that require complex movement trajectories. 466 Table 1 . Posterior estimates of the hierarchical drift-diffusion model parameters (decision 632 threshold a, mean drift rate v, non-decision time Ter, trial-by-trial drift rate variability sv, trial-by 633 trial non-decision time variability st). The first two data columns showed the posterior means and 634 standard deviations of the parameters in the joystick and keyboard sessions. 95% HDI denoted the 635 95% highest density intervals for the parameter difference between the joystick and keyboard 636 sessions. PP|D denoted the Bayesian P-value for the parameter difference being equal between 637 response modalities. 638 
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